Molecular dynamics simulations for the shear viscosity and self-diffusion coefficient of pure water were performed to investigate the effect of including intramolecular degrees of freedom in simple point charge (SPC) models over a wide range of state points. Results are reported for the flexible SPC/Fw model, its rigid SPC counterpart, and the widely used SPC/E model. The simulations covered the liquid phase from 277.15 to 363.15 K and the supercritical phase at 673.15 K and pressures up to 200 MPa. The flexibility exhibited by the SPC/Fw model results in slowing down of the dynamics. That is, it results in higher shear viscosities and lower diffusion coefficients than can be obtained from the rigid model, resulting in better agreement with experimental data. Significantly, the SPC/Fw model can be used to adequately predict the diffusion coefficients at ambient and supercritical temperatures over a wide range of pressures.
I. INTRODUCTION
The properties of water have a key role in many important biological, chemical, physical, and technical processes. Although the properties of aqueous systems have been extensively studied experimentally, the ability to make accurate predictions in new situations is of considerable scientific and practical value. The traditional engineering approach of developing equations of state 1 has been of limited success for water. Accurate reference equations 2 for pure water have been developed, but they cannot be easily extended to mixtures. Molecular simulation 3 provides a useful alternative to equation of state modeling because, when used properly, it provides unambiguous information regarding the merit of the underlying model.
There are many alternative force field models for water, which reflects the difficulty of accurately predicting all the diverse properties of water. Currently, the most widely used models are rigid and variants of either the four-site 4 transferable interaction potential (TIP4P) or the three-site simple point charge 5, 6 (SPC, SPC/E) models. Although these simple models are of great practical value and reasonably accurate at ambient conditions, the use of simplifying approximations often obscures the role of the various contributions to intermolecular interactions. This means that systematic deviations from experiment with increasing temperature are common and only certain bulk properties are adequately predicted, whereas other properties are poorly described. 7 A major issue for most water models is that they fail to simultaneously reproduce both the diffusion coefficient (D) and the viscosity (η). 8 In Table I , the diffusion coefficient and shear viscosities a) Author to whom correspondence should be addressed. Electronic mail: g.raabe@tu-bs.de.
predicted by various potentials [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] at or near 298.15 K and 0.1 MPa are compared with the experimentally obtained values (D = 2.3 × 10 −9 m 2 s −1 , η = 0.895 mPas). The calculated diffusion coefficients from different models fall within a wide range from D = (2.08 to 5.9) × 10 −9 m 2 s −1 , representing both under and over predictions. In contrast to this, all the intermolecular potentials underestimate the shear viscosity with values ranging from 0.316 mPas to 0.886 mPas.
The TIP potentials tend to over predict the diffusion coefficient, which is most apparent for the 3 (TIP3P) or 4 (TIP4P) charge models. With regard to the shear viscosity, the TIP3P potential gives the least accurate prediction (η = 0.316 mPas). The more recent TIP4P/2005 potential 19 improves the predictions of the earlier TIP potentials, resulting in much closer agreement with experiment. The TIP4P/2005 potential also yields good results 26 over a range of temperatures for Poiseuille flow in nano-channels, and it is generally superior to other TIP models for a range of properties. 27 Most rigid SPC potentials (SPC, SPC/A, and SPC/L) also considerably overpredict D. The SPC/E model yields good results for the diffusion coefficient at ambient conditions, but the viscosity is underestimated by up to 21%. [28] [29] [30] Including polarizability in the force field of water is often considered necessary 9, 10, [31] [32] [33] to improve the agreement with experiment for a wider range of properties and state points. Polarizable potentials approximate the effect of multibody interactions that arise because the induced dipole of each molecule generates an electric field that affects all other molecules. The Gaussian core polarizable model (GCPM) reported by Paricaud et al. 9 yields a considerable improvement for the simultaneous prediction of various properties, including the diffusion coefficient (D = 2.263 × 10 −9 m 2 s −1 ). However, its ability to predict the viscosity of water remains untested. Lamoureux et al. 10 have shown that their polarizable SWM4-NDP model yields improved results for the viscosity compared to common non-polarizable models, but their simulation results (η = 0.7 mPas) still largely underestimate experimental values. Thus, although polarizable models have shown some promising results, the adequate prediction of shear viscosities and diffusion in liquid water remains a considerable challenge, which is beyond the capabilities of existing approaches. Furthermore, polarizable models are generally much more computationally demanding than non-polarizable models, 1, 7 which prohibits their use for many applications.
The introduction of bond flexibility is increasingly discussed as an indirect and computationally less expensive way of introducing polarizability effects, [34] [35] [36] [37] [38] [39] resulting in better agreement with experiment for some properties of water. The early work of Dang and Pettitt 37 or Toukan and Rahman 38 showed that flexible versions of three-site water models accurately reproduced certain aspects of the vibrational motions of neat water. López-Lemus et al. 35 have incorporated flexibility in the SPC/E model and demonstrated that the calculated surface tensions and coexisting densities of water predicted by the flexible model are closer to the experimental data than those of the rigid model. The flexible SPC/Fw model reported by Wu et al. 11 has resulted in a noticeable improvement in the accuracy of the viscosity, diffusion coefficient, and dielectric constant predicted at ambient conditions compared to the rigid SPC model. In our earlier work, 36 we reported that the flexible SPC/Fw model also yields a better prediction of saturation densities and the critical point than either SPC or SPC/E models and very good results were obtained for the dielectric constant over a wide range of state points. 39 It is noteworthy that the best agreement with the experimental diffusion coefficient in Table I The use of bond flexibility is a promising alternative strategy for providing models that allow for the accurate simultaneous prediction of different properties. In contrast to the large amount of data at ambient conditions, intermolecular potentials are rarely tested for their ability to predict selfdiffusion or shear viscosity at either high temperatures or high pressures. The ability of the SPC/Fw potential to predict diffusion coefficients has only been tested at ambient conditions.
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In this work, we report molecular dynamic simulations for the SPC/Fw model for state points covering the liquid phase from 277.15 to 363.15 K and the supercritical phase at 673.15 K and pressures up to 200 MPa. For the purposes of comparison, some matching calculations were also performed with the widely used SPC/E model and the rigid SPC model. The aim of these calculations is to: (a) study systematically the effect of flexibility on the prediction of D and η for threesite simple point charge (SPC) models over a wide range of temperature and pressure including the supercritical phase; (b) determine the effect of introducing intramolecular degrees of freedom on these properties and the impact of increasing of the partial charges sites in a rigid model; and (c) gain insights into how these effects change with the thermodynamic state, i.e., with temperature and pressure.
II. THEORY A. Water models
In the SPC 5 model, the oxygen atom is represented as a partially charged Lennard-Jones bead, whereas the hydrogen atoms are simply represented by partial charges without any Lennard-Jones interactions. Water is modeled as a rigid molecule, with the relative positions of the three sites kept constant. The intermolecular interactions are calculated from
In their SPC/Fw model, Wu et al. 11 added molecular flexibility to the SPC model by accounting for intramolecular interactions
The Lennard-Jones parameters and partial charges in the SPC/Fw model remain identical to those used in the SPC model. The force constants (K r , K θ ) and the equilibrium bond length (r 0,OH ) and angle (θ 0,HOH ) were optimized to reproduce TABLE II. Parameter values for the molecular models examined in this work. best the experimental bulk diffusion and dielectric constant, at ambient conditions. By comparing simulation results from the flexible model and the corresponding rigid SPC model, we are able to investigate the effect of incorporating intramolecular degrees of freedom on the prediction of the transport properties of water. We also performed simulations on the rigid SPC/E model 6 that uses the same geometry and Lennard-Jones parameters as the SPC model, with the addition of a self-polarization energy correction that slightly increases the partial charges. Thus, our simulations also yield insights into the effect of introducing polarization via changes to the intramolecular degrees of freedom, and increasing the partial charges. The parameters used in this work are summarized in Table II .
B. Simulation details
The molecular dynamics simulations were performed using the DL_POLY 2.20 simulation package 40 in cubic boxes consisting of N = 400 molecules. The cut-off radius was set to 10 Å, and standard long-range corrections to the LennardJones energy and pressure were applied for all models using usual tail corrections. 3 The Ewald sum was used to deal with the electrostatic interactions with a precision set to 10
to evaluate its parameters. 40 The trajectories were integrated by the velocity-Verlet algorithm. 3 For each temperature and pressure, the systems were equilibrated for 2 ns in the Nosé-Hoover NpT ensemble 3 to relax the system to thermodynamic equilibrium. After equilibration, ten consecutive production runs, each of 0.5 ns, were performed to determine the average density, using the standard block average technique. Time steps of t = 0.5 fs for the flexible model (SPC/Fw) and of t = 1 fs for the rigid models (SPC and SPC/E) were used. During the NpT-simulations, the coupling constants for the thermostat and the barostat were set to τ T = 0.1 ps and τ p = 1.0 ps. These simulations yielded the density of water at a given temperature and pressure.
To determine transport properties, we performed additional simulations in the Nosé-Hoover-NVT ensemble with a time step of t = 1 fs and a coupling constant of τ T = 0.5 ps. The systems were again equilibrated for 2 ns at their averaged densities from the NpT-simulations, before we performed production runs of 15 ns in the NVT ensemble, in which we saved the positions every 50 fs and the pressure tensors every 10 fs for further analysis by in-house programs.
The issue of appropriate time step is a source of uncertainty in a simulation, which also depends on the integrator used. There is an inevitable compromise between maximizing energy conservation and adequately sampling phase space and computational efficiency. 41 Bond stretching vibrations are typically in the order of 10 fs but they are in the quantummechanical ground state, 42 which is not accessible by classical MD. The bond angle vibration is the shortest oscillation period measured in a simulation, which is typically 13 fs. For Verlet-type integrators, it is generally accepted 42 that 5 integration steps should be performed per harmonic oscillation period, which typically means a step size of 2-3 fs. It has been reported 43 that some polarizable models require 1.5-2 fs to achieve acceptable energy conservation. A time step of 2 fs is typical for a flexible potential, 44 however, values range from 45, 46 0.25-0.5 fs to 7 fs using specialized techniques. 42, 47 Our choice of 1 fs is somewhat on the conservative side. A higher value could be used for the rigid bond potentials but using a common value for both rigid and flexible models has the benefit of being internally consistent in terms of the comparison between the intermolecular potentials.
The shear viscosity was determined by the GreenKubo 3, 48 method of integrating the autocorrelation function of the off-diagonal elements of the viscous atomic pressure tensor P αβ given by
where p iα and p iβ are the α and β components of the momentum of particle i, r ijα is the α component of the distance between the particles i and j, and F ijβ is the β component of the force of their interaction. To improve the statistics, we averaged the autocorrelation functions over all independent offdiagonal tensor elements, resulting in
As reported elsewhere, 49 the accuracy of shear viscosity calculations can be further improved by adding additional terms. However, the benefit of the additional terms would be relatively small because Eq. (4) already includes all the independent off-diagonal tensor elements that dominate the calculation. The autocorrelation functions decay quite quickly, but then fluctuate around zero. Thus, we varied the correlation time from 3 to 10 ps to determine its influence on the resulting viscosity. We found a correlation time of 4 ps was sufficient to give viscosities that agree with results of higher correlation times within their range of uncertainties.
The self-diffusion coefficient D was determined from the Einstein relation 3, 48 as the mean-square displacement along the trajectory of a particle
As the diffusion coefficient is a single particle property, we averaged it over all particles to improve the statistics. Ensemble averages for the transport properties and their standard deviations were determined by dividing the analysis of the 15 ns trajectory into ten blocks.
III. RESULTS AND DISCUSSION
The simulation results using the different force field models to predict the self-diffusion coefficients (D) and the shear viscosities (η) of water in the liquid phase and in the supercritical region at 673.15 K are depicted in Figs. 1-4 . The numerical simulation results in comparison with experimental data [50] [51] [52] [53] [54] [55] [56] are also summarized in Tables II-IV. Prior to examining the different models over a wide range of temperatures and pressures, we checked the reliability of our simulations by comparing our results with correspond- ing data from the literature at 298.15 K and 0.1 MPa. For all models, there is a good agreement of our simulation results for the density ρ and the diffusion coefficient D and the data reported by Wu et al. 11 However, we note that the value of the shear viscosity at 0.1 MPa (0.75 mPas at 300.2 K), for the SPC/Fw potential reported by Wu et al. using an alternative to the Green-Kubo method, is lower than our calculation (0.886 mPas at 298.15 K). This can be at least partly attributed to differences in the accuracy of the simulation methods and simulation settings such as cut-off values and run length. Wu et al. 11 did not report the uncertainties for the shear viscosity calculations. 56 (----), Woolf 53 (----), and Lamb et al. 54 (gray --᭜--). [50] [51] [52] [53] 55 and molecular simulation results for the diffusion coefficient and shear viscosity in liquid water predicted by the SPC/Fw, SPC/E, and SPC models at different temperatures and 0. 51 at 298 K is over-estimated by approximately 68%. Both, the introduction of the selfpolarization energy correction in the SPC/E model and of intramolecular degrees of freedom in the SPC/Fw model reduce the self-diffusion coefficients remarkably. The simulation results for the SPC/E and the SPC/Fw model are very similar and reproduce the experimental data up to 333 K very well. This is also true for elevated pressures as illustrated by Fig. 2 .
A. Self-diffusion
It should be noted that although there is good agreement between different sources of experimental data for the self-diffusion coefficient at low temperatures, significant discrepancies emerge at higher temperatures. These experimental discrepancies are evident in Fig. 1 . For example, at 363 K the interpolated diffusion coefficient reported by Yoshida et al. 52 is 8% smaller that the experimental value of Krynicki et al. 50 The simulation results obtained from the SPC/Fw and the SPC/E models are close to the experimental data of Yoshida et al., 52 but understandably underestimate the diffusion coefficients reported by Krynicki et al. 50 In the supercritical region (Fig. 2) , both models again yield good estimates of the diffusion coefficients, which are in good agreement with experimental values reported by Lamb et al. 54 
B. Shear viscosities
The predictions of the various models for shear viscosities at ambient conditions are compared with experimental data in Fig. 3 . It is apparent from this comparison that the rigid SPC model considerably underestimates shear viscosities. The introduction of flexibility to the SPC model in the SPC/Fw model has a similar effect as the increase of the partial charges in the rigid SPC/E model, namely to yield significantly higher viscosities. However, in contrast to the very similar results obtained for the self-diffusion coefficients, the SPC/E and SPC/Fw models yield remarkably different results for the shear viscosity. For example, at 298 K and 0.1 MPa, the deviation between the diffusion coefficients of the two models is only about 3%, whereas their predicted shear viscosities differ by 24%. At temperatures up to 323 K the SPC/E still largely underestimates the experimental viscosities. In contrast, the flexible SPC/Fw model performs well in predicting the liquid shear viscosities in the temperature range from 298.15 to 323.15 K, and also at higher pressures, as shown in Fig. 4 .
At ambient temperatures, the SPC/Fw model enables a good reproduction of both the diffusion coefficient and the shear viscosity over a wide range of pressures. However, it is apparent from Fig. 3 that all models underestimate the decrease of the viscosities with increasing temperatures, i.e., they predict a too flat curve progression η(T).
Although the SPC/Fw model shows good agreement with experimental shear viscosities at near ambient temperatures, it underestimates the shear viscosities at lower temperatures (e.g., 277 K) and increasingly overestimates them with increasing temperatures. For the SPC/E model, which underestimates the shear viscosity at ambient temperatures, the deviations from experimental values decrease with increasing temperatures. Additionally, the results for the SPC and the SPC/E models gradually meet with increasing temperatures and especially in the supercritical region as shown in Fig. 4 . From this observation it can be concluded that the introduction of bond flexibility has a very pronounced influence on the prediction of the shear viscosity of water, which also differs from its effect on the diffusion coefficient.
C. Impact of flexibility
To study the impact of introducing flexibility, we have determined the values for the equilibrium O-H bond length r OH , the equilibrium bond angle HOH and the dipole moment μ at different state points. The values are summarized in Table V Table V ) also indicate that a flexible model allows the molecular dipole moment to change with the thermodynamic state point, and thereby mimic the change of the intermolecular interactions in response to the local environment. The results for the equilibrium geometry show that the equilibrium bond length r OH of the flexible model is significantly larger than the model parameter r 0,OH , and also that of the bond length of the rigid SPC model with r OH = 1 Å. However, the equilibrium bond angle is remarkably smaller than the model parameter 0,HOH and the H-O-H angle of the rigid models ( 0,HOH = 109.47
• ). Both the elongation of the equilibrium O-H-bonds and the smaller equilibrium bond angles result in the larger molecular dipole moments of the flexible model compared to the rigid SPC model with the same point charges.
Wu et al. 11 reported that the diffusion coefficient is sensitive to the equilibrium length of the O-H bond, with the diffusion coefficient decreasing with the elongation of the bond length. However, comparing the results for the diffusion coefficient of the different models studied in this work, it becomes apparent that the transport properties and their dependence on the state point predicted by the flexible model depend in a more complex way on different factors, i.e., the bond length and bond angle, but also the dipole moment. The smaller diffusion coefficient and higher viscosity of the rigid SPC/E model compared to the SPC model with the same geometry is caused by its higher dipole moment (μ SPC/E = 2.352 D). The reduced diffusion coefficient and increased shear viscosity of the flexible model compared to its rigid SPC counterpart can be attributed to the elongated O-H bond, which in turn also results in the increased dipole moment. However, this slowing down of the dynamics with increasing bond lengths is partially compensated by their smaller bond angles compared to the rigid model. This is well illustrated by comparing the diffusion coefficient of the SPC/Fw and the SPC/E model at 298.15 K. Due to its elongated O-H-bond length and higher dipole moment, it could be expected that the SPC/Fw model would have a smaller diffusion coefficient than the SPC/E model. However, both models yield quite similar results due to the smaller equilibrium bond angle of the SPC/Fw model that increases the self-diffusion coefficient.
When the temperature increases, the diffusion coefficients predicted by the SPC/E model increase only due to the corresponding decrease in density. For the flexible model, increasing temperature also results in smaller equilibrium bond lengths and dipole moments, which in turn cause a higher diffusivity. However, at the same time, their equilibrium bond angles expand, which slows down the motion. For the SPC/Fw model, these opposing trends seem to compensate for the diffusion coefficient, so that its change with the state point is mainly affected by the density in the same way as for the SPC/E model. Thus, both models yield very similar results over the entire range of state point studied here. The interplay of the different influences is also well shown by the results for the self-diffusion coefficient in the supercritical region at 673.15 K, where the SPC/E and SPC/Fw models give very similar results. The SPC/E and SPC/Fw models now have comparable H-O-H bond angles, which means that the effect of the elongated O-H bond of the SPC/Fw model on the diffusion coefficient is compensated by its smaller dipole moment.
In view of the observation that, because of compensating factors, the diffusion coefficient of the SPC/E and the flexible models approach each other with increasing temperature, it might be considered surprising that the differences in the predicted shear viscosity increase at higher temperatures. This implies that viscosity is more sensitive to changes in the equilibrium bond angle than diffusion. Again, the decrease of the viscosity of the rigid SPC/E model with rising temperatures is only caused by decreasing densities. For the flexible model, apart from the density effect, decreasing equilibrium bond length and dipole moment with increasing temperatures reduce the shear viscosity, so that it should give similar or even smaller shear viscosities than the SPC/E model. The fact that the SPC/Fw model instead largely overestimates the viscosities at higher temperatures indicates that the model is sensitive to the slowing down of the dynamics with expanding bond angles.
IV. CONCLUSIONS
We have performed molecular dynamics simulations of the flexible SPC/Fw models in comparison with their rigid counterpart, the SPC model, and the widely used SPC/E model. In general, the introduction of intramolecular degrees of freedom in the SPC/Fw model has a similar effect as the increase of the partial charges in the rigid SPC/E model, i.e., higher shear viscosities and lower diffusion coefficients are predicted compared with the results from the SPC model.
Significantly, the SPC/Fw model can be used to adequately predict the diffusion coefficients at both ambient and supercritical temperatures over a wide range of pressures. Although the SPC/Fw model provides a good prediction of the shear viscosities at ambient temperatures, it largely overestimates them at higher temperatures. It can be observed that all models studied in this work significantly underestimate the decrease of the viscosities of water with increasing temperatures.
We found that the flexible model shows elongated equilibrium O-H-bonds compared to the rigid model, whereas the equilibrium bond angle decreases below the value of the SPC or SPC/E model. Both effects result in higher molecular dipole moments of the SPC/Fw model compared to the SPC model with the same point charges. When the temperature is increased (i.e., at decreasing densities), the O-H-bonds of the flexible model slightly contract but remain elongated compared to the rigid models. In contrast, the equilibrium H-O-H bond angles increase with temperature. The changes in geometry in response to the thermodynamic state point allow the molecular dipole moment to vary. The dynamics of the systems are affected by interplay of both changes in the equilibrium bond length and dipole moment, and changes in the bond angle. For the diffusion coefficient, the opposing effects of decreasing bond length and increasing H-O-H angle seems to counteract each other. The overestimated viscosities at higher temperatures might be attributed to the sensitivity of the viscosity to the slowing down of the dynamics with increasing bond angles.
